軟弱斜面におけるスキッドステア型クローラ移動ロボットの位置推定と経路追従制御 by YAMAUCHI GENKI
Modeling and Path Following Control of





           やまうち げんき 
氏 名          山 内 元 貴 
研究科，専攻の名称 東北大学大学院工学研究科（博士課程）航空宇宙工学専攻 
学 位 論 文 題 目          Modeling and Path Following Control of Skid-steering Tracked 
Vehicle on Loose Slope 
（軟弱斜面におけるスキッドステア型クローラ移動ロボットの位置
推定と経路追従制御） 
論 文 審 査 委 員          主査 東北大学教授 小菅 一弘 東北大学教授 吉田 和哉 
             東北大学教授 高橋 弘  東北大学准教授 永谷 圭司 
論 文 内 容 要 約          
Japan is a volcanic country with 111 active volcanoes in its domain. When a volcano erupts, severe 
disasters are caused by molten rock, ash, pyroclastic flows, and debris flows. Pyroclastic flow and debris flow 
are especially dangerous among volcanic disasters. Pyroclastic flow occurs during an eruption, and there is 
almost no time for safe evacuation. Debris flow is caused by the transport of volcanic sediments on 
mountains and through rainfall. Debris flow can potentially occur for long periods although the volcanic 
activity calms down. It is extremely important to ensure adequate warning with respect to pyroclastic and 
debris flows while planning an evacuation strategy to save residents in a volcanic area. 
 
In order to prevent and minimize damage from volcanic disasters, the Japanese government has prepared 
countermeasures in normal and emergency conditions. For example, observation equipment such as wire 
sensors, cameras, and seismographs, are placed around a volcano to detect signs of an eruption. Generally, 
an occurring volcanic eruption is similar to past events, although a completely different event may occur 
owing to the collapse of mountain bodies or changes in the location of a crater. It is impossible to obtain 
information by pre-fixed sensors in cases in which observation systems are broken by eruption or a new 
crater appears at an unexpected point. However, the restricted area is settled at approximately a few 
kilometers from the volcano when a volcano enters an active phase. In these situations, observation data is 
limited and may not be sufficient to understand the status of a volcano. Therefore, a robotic volcano 
exploration is desirable to enable the observation of any position of interest. 
 
The approach proposed in the study involves using ground mobile robots (tracked vehicle) for observing 
these environments. Issues related to positioning and path-following exist with respect to the realization of a 
robotic remote observation system by using a tracked vehicle for volcanic areas. Generally, a global 
navigation satellite system (GNSS) provides accurate positioning, and is widely used in outdoor 
environments. However, there are areas in which it is difficult to use GNSS owing to the problem of 
ensuring the sky view and influence of a multipath during surveillance of mountains slope or inside gullies. 
Position estimation methods such as odometry are required in such areas, in which it is not possible to use 
GNSS. However, a large slip occurs between the track and the terrain in loose slopes covered with sand and 
gravel. In such situations, the accuracy of position estimation using odometry significantly deteriorates. 
The slippage generated by the interaction between the track and the terrain is modeled by terramechanics. 
However, it is difficult to apply a typical terramechanics model to positioning and path following in unknown 
environments because there are numerous environment-dependent parameters. In this study, a slippage 
model of skid steering tracked vehicle is proposed by using a few environment-dependent parameters to 
estimate the slippage. The proposed slippage model is divided into four types based on the slippage direction 
and vehicle maneuver. The online slippage parameter estimation method is also proposed to enable the 
application of the slippage model in an unknown environment. The slippage model and parameter 
estimation method are confirmed through experiments by using a skid steering tracked vehicle on a sandy 
slope.  
 
Conversely, the slippage also affects the path following ability of tracked vehicles. In this study, two 
approaches that focus on lateral slippage are described as follows: lateral slippage reduction control, and 
path following control by considering lateral slippage. The former approach involves modeling the lateral 
slippage of a multi degree of freedom (DoF) tracked vehicle while changing the contact angle of track. Based 
on the model, an appropriate contact angle is introduced, and a control method is proposed to maintain its 
contact angle. The latter approach is the feedback system of path following with lateral slippage. The 
responsiveness of path following deteriorates in a conventional path following control that does not consider 
slippage, and the path following control fails in the worst-case scenario. Specifically, lateral slippage that 
occurs in a direction perpendicular to the direction of travel on the slope may cause rollover. A path following 
control law that considers lateral slippage by using the slippage model is proposed to compensate for the 
slippage given traversal and rotational motions on the deformable slope. 
 
This thesis consists of six chapters. The First chapter introduces the background, purpose, and approach of 
the thesis. Related studies are also introduced in this chapter. 
 
In the second chapter, the force model of the tracked vehicle on a deformable slope was described with 
respect to the lateral slippage. Lateral slippage was estimated by using the force model and slippage 
relationship. The estimated slippage was confirmed by comparing numerical simulation and traversal 
experiment on a sandy slope. The results indicated that the gravitational contact (in which the roll angle of 
the vehicle is zero) was the most effective method to reduce lateral slippage. The residual effect of passive 
soil resistance acting on the sidewall of the track resulted in a slight lateral slippage despite gravitational 
contact. The contact angle control method of tracked vehicle was proposed to reduce lateral slippage while 
traversing based on the force model and the traversal experiment results. The control method is associated 
with a roll angle of zero while using the track lift mechanism of the vehicle. The results confirmed that the 
proposed method retained gravitational contact and reduced lateral slippage on uneven loose slope. 
 
In the third chapter, a slippage model of skid-steering tracked vehicles on loose and loose slopes was 
proposed. Estimation methods in the model were divided based on slippage directions into longitudinal and 
lateral directions and based on motion types into straight and rotation motion. During straight motion, the 
slippage model was based on interaction between the track and terrain, and was linear to the roll and pitch 
angles of the robot. During rotation motions, the author verified that a previous empirical formula for slip 
ratio estimation on rigid ground is useful and applicable on loose slopes. The slip angle was estimated by 
using multiple linear regression function, and the regression model explained 75.3% of the observed data. In 
order to include this slip model in the kinematics of a skid-steering vehicle, the author proposed 
slip-compensated odometry of tracked vehicles and confirmed an improvement in the odometry accuracy 
when compared to that of conventional odometry. 
 
In the fourth chapter, the author proposed the online slippage parameters estimation method by using a 
particle filter with a velocity sensor. The output of velocity sensor was confirmed on a sandy weak terrain to 
apply the estimation method. The proposed method was verified by using an indoor sandy slope. The 
estimated parameters were similar to the identified slippage parameters, and the position accuracy of the 
vehicle improved when compared to the conventional odometry. 
 
The fifth chapter described the path-following control of skid steering tracked vehicle by considering lateral 
slippage. The control law with slip angle was proposed based on the conventional control law. The 
effectiveness of the proposed control method was confirmed by the traversal and rotational experiments. In 
traversal motion, the proposed control law retained the yaw angle of the vehicle as equal to the slip angle on 
the slope to follow the target path. In rotational motion, the conventional control law overshot the travel 
path because the slip angle changes the states of the vehicle and slope condition. Conversely, the proposed 
law retained the travel path near the target path to consider lateral slippage.  
 
Finally, in the sixth chapter, the results of the study are summarized, and the contribution are described. 
